Although both processes occur at similar rates, leukocyte extravasation from the blood circulation is well investigated, whereas intravasation into lymphatic vessels has hardly been studied. In contrast to a common assumption-that intra-and extravasation follow similar molecular principles-we previously showed that lymphatic entry of dendritic cells (DCs) does not require integrin-mediated adhesive interactions. In this study, we demonstrate that DC-entry is also independent of pericellular proteolysis, raising the question of whether lymphatic vessels offer preexisting entry routes. We find that the perilymphatic basement membrane of initial lymphatic vessels is discontinuous and therefore leaves gaps for entering cells. Using a newly developed in situ live cell imaging approach that allows us to dynamically visualize the cells and their extracellular environment, we demonstrate that DCs enter through these discontinuities, which are transiently mechanically dilated by the passaging cells. We further show that penetration of the underlying lymphatic endothelial layer occurs through flap valves lacking continuous intercellular junctions. Together, we demonstrate free cellular communication between interstitium and lymphatic lumen.
Br ief Definitive Repor t
The interstitial space of the dermis maintains an open one-way communication with the lymphatic system. A constant interstitial flux drags serum components filtrated from the capillary bed toward the initial lymphatic vessels that are equipped with flap valves to allow entry but prevent exit of solutes and small particles (Swartz, 2001; Trzewik et al., 2001) . Patrolling immune cells like lymphocytes (Debes et al., 2005) and DCs (Alvarez et al., 2008) , but also hematopoietic stem cells (Massberg et al., 2007) , follow the same principal route. Whereas fluid flux is driven by the periodic contractions of the lymphatic suction pump (Swartz, 2001) , cells rely on autonomous action and crawl through the interstitium toward and into the initial lymphatic vessel. The major guidance cues for this migration are chemokines that are expressed by the lymphatic endothelium and sensed by hematopoietic cells (Alvarez et al., 2008) . We recently showed that leukocytes crawl through the interstitium without specific integrin-mediated contacts with their environment. This mode of locomotion is driven by the protrusive forward flow of polymerizing actin and occasionally supported by actomyosin contractions of the rear end to squeeze the rigid nucleus through narrow spaces . Such movement is facilitated by extreme plasticity of the cell body, which led to the morphological description "amoeboid" migration (Friedl et al., 2001 ). Integrinindependent movement is mainly limited to three-dimensional environments (Hawkins et al., 2009 ) with large pore size, but fails when the cells have to move along two-dimensional surfaces or penetrate dense or stiff barriers like basement membranes (BMs) or endothelial linings . The crossing of the blood endothelium is a well-investigated example where leukocytes require a cascade of tightly controlled molecular interactions to dissolve and penetrate the junctional sealing of the cell layer (Butcher and Picker, 1996; Ley et al., 2007) . Hence, we were surprised to find that DCs do not require integrin-mediated cellcell and cell-matrix interactions to enter lymphatics of mouse dermis and wondered how the vessel architecture might support cellular entry.
Here, we demonstrate that lymphatics are covered by a BM, but that this BM is discontinuous especially in the initial lymphatics that et al., 2008) that restrict proteolytic activity to the site of potential invasion (Gimona et al., 2008) . Intravasation was entirely dependent on directional sensing via CCR7, as CCR7-deficient DCs neither approached nor entered lymphatic vessels (Fig. S3 A) , supporting previous findings that CCR7 is the key factor mediating intravasation (Förster et al., 1999; Ohl et al., 2004) .
The perilymphatic BM is discontinuous
As the data strongly argued against active path generation by DCs, we investigated preformed anatomical entry routes as a second possible explanation for our initial observations. Hence, we investigated the structural features of the lymphatic BM of ear skin in more detail.
In thin-section histology, the lymphatic BM is not easily detectable (Petrova et al., 2004; Vainionpää et al., 2007) . When we performed whole-mount immunohistology of ear skin, we obtained a clear signal around LYVE-1-positive lymphatic vessels for all essential BM components (Fig. 2) ; collagen IV, laminins, perlecan, and nidogen formed a sheet around the blind-ending initial lymphatic vessels. Co-localization of all components was perfect in this area, although nidogen was also detectable in patches within the dermis (Fig. 2 B) , which is in line with its expression by dermal fibroblasts (Breitkreutz et al., 2004) . Together with immunoelectronmicroscopy studies that showed an electron-dense structure associated with type IV collagens and laminin at the outline of lymphatics (Sauter et al., 1998) , this argues for a regularly assembled BM at the abluminal lymphatic surface.
In comparison to the continuous appearance of blood capillary and fat cell BMs, the lymphatic BM showed a lower fluorescence signal and discontinuities (Fig. 2 A) . Higher magnification views and three-dimensional reconstructions revealed that the discontinuities were not sites of low expression of single BM components as shown for the perivenular BM (Wang et al., 2006) , but rather areas completely devoid of any of the analyzed BM components (Fig. 2 B) .
Lymphatic vessels can be subdivided in the blind ending initial lymphatic capillaries and the draining collector vessels. Collectors are characterized by no LYVE-1, but maintained gp38 expression (Mäkinen et al., 2005) . Co-staining of gp38, LYVE-1, and collagen IV revealed that in contrast to lymphatic capillaries the BM of collectors is not perforated (Fig. 3, A and B) . We morphometrically quantified the perforated surface area in relation to the total lymph vessel surface and found that the perforated area was <5% in collectors, whereas in lymphatic capillaries it accounted for up to 30% of the total vessel area (Fig. 3 C) . Using the identical morphometric intensity thresholding for blood vessels, we could not detect any perforated areas in the same tissue samples. The "low expression sites" that serve as exit sites for granulocytes extravasating via postcapillary venule BMs (Wang et al., 2006) could only be detected when intensity thresholds were reduced, confirming that these areas are indeed regions of low BM molecule deposition rather than true perforations as they are found in the lymphatics (unpublished data). serve as entry sites for blood cells. We show that DCs enter the lymphatics by squeezing through these preformed pores and subsequent passage through the flap valves of the lymphatic endothelium that lack continuous junctions. Such entry via preformed routes is in line with our findings that proteases and integrins are dispensable for intravasation.
RESULTS AND DISCUSSION Two modes of DC migration into lymphatic vessels
We used a novel in situ live cell imaging approach to follow DC migration in explanted ear sheets of mice. In these "crawl-in" assays, split ear sheets were fluorescently stained with antibodies against either laminin or collagen IV to visualize BMs in the dermis. The ear sheets were mounted onto the bottom of climatized migration chambers and subsequently fluorescently labeled mature bone marrow-derived DCs (bmDCs) or endogenous DCs were added. After a short incubation that allowed the DCs to infiltrate the dermis, the preparation was imaged with spinning disc confocal microscopy.
The BM staining allowed morphological identification of arteries, veins, associated nerves, fat cells, and lymphatic vessels. Initial lymphatic vessels were characterized by their blind endings and their large and irregular diameter (Baluk et al., 2007) . DCs selectively and directionally approached and entered the lymphatic vessels and after 90-120 min, almost all DCs had entered the lumen ( Fig. 1 A and Video 1). Quantification of crawl-in videos revealed two types of behavior once the cells reached the BM of the lymphatic vessel: some cells slowed close to the BM before they again accelerated in the lumen of the vessel, whereas others migrated straight into the lumen ( Fig. 1 B and Video 1).
We reasoned that this pattern emerged because initially entering DCs might create a path that is then used by the DCs that follow. Path generation through BMs was mainly attributed to the MMP family of proteases (Rowe and Weiss, 2008) . However, to additionally exclude effects by other proteases, we applied a previously described protease inhibitor cocktail that was shown to block any pericellular proteolytic activity in vitro and in vivo (Wolf et al., 2003) . We tracked single-cell velocities of intravasating bmDCs and could neither detect reduced interstitial migration speeds nor hampered intravasation (Fig. 1 , C and E). To control this approach, we quantified migration of bmDCs across an in vitro assembled BM: to this end, long-term cultured immortalized epithelial cells were lysed off of filters, revealing a tightly assembled BM (Furuyama and Mochitate, 2000 and not depicted). bmDCs were layered onto these BMs and transmigration was quantified after overnight exposure. In this setup, applying the protease inhibitor cocktail entirely inhibited transmigration ( Fig. 1 D) , which is in line with a study showing that epidermal DCs require MMPs to cross the epidermal BM (Ratzinger et al., 2002) .
The finding that pericellular proteolysis was dispensable for lymphatic entry was consistent with our previous data that intravasation was also independent of integrins (Lämmermann Br ief Definitive Repor t model for the human disease lymphedema distichiasis, initial lymphatics are aberrantly invested by pericytes (Petrova et al., 2004) and that this leads to the enhanced deposition of BM components in lymphatic capillaries. This suggests that either pericytes contribute directly to the BM or indirectly influence the matrix production or deposition of the lymphatic endothelium.
Reasons for the fragility of this BM might be twofold: first, lymphatic endothelial cells express low levels of RNA coding for BM molecules (Podgrabinska et al., 2002; Hirakawa et al., 2003) . Second, the initial lymphatics lack pericytes, which are an abundant source of BM constituents (Petrova et al., 2004; Hallmann et al., 2005) . Interestingly, it was shown that in foxc2 knockout mice, which is the mouse Br ief Definitive Repor t localization of collectors in our preparations, which is caused by the fact that collectors are buried deeper in the ear dermis than initial lymphatic vessels.
BM discontinuities are extended during cellular passage
The finding that BM penetration apparently requires neither biochemical remodelling nor specific adhesion prompted us to investigate possible extension forces imposed by the DCs squeezing through BM perforations. We therefore analyzed the distribution of BM immunostainings during cellular passage. We focused on intravasation events that involved significant extension of BM perforations and found that fluorescence intensity at the lateral margins of the entry hole increased upon passage (Fig. 4 C) . This indicates that the BM is not degraded, but rather pushed aside by hydrostatic forces
DCs traverse the lymphatic BM via discontinuities
The discovery of BM discontinuities in lymphatic capillaries raised the possibility that these sites may be used as entry portals by approaching DCs. To address this possibility, we recorded high-magnification time-lapse z-series of bmDCs and lymph vessel BM.
Strikingly, in all cases where we could observe DCs entering the lymphatic lumen, the cells used preexisting discontinuities as entry sites. Approaching DCs inserted a protrusion into the BM perforation, and subsequently the cell body was propelled across the BM (Fig. 4, A and B, Fig. S1 , and Videos S2-S6). Although it would be interesting to know if DCs are able to penetrate the unperforated BMs of collector vessels, we could never observe bmDCs approaching or entering at these sites (Fig. S4) . This was despite the more superficial after passage of large quantities of bmDCs. Using identical thresholding parameters, the number of perforations per area was not altered 90 min after addition of the cells, excluding de novo generation of perforations by migrating bmDCs (Fig. 5 A) . To ensure that the migration pattern of bmDCs exerted by the DC (Fig. S2 and Videos S4-S6). Such deformation is reminiscent of findings with amoeboid tumor cells migrating through collagen scaffolds (Wyckoff et al., 2006) . To consolidate the aforementioned observation, we morphometrically quantified the number of perforations before and (A) Quantification of perforation number on initial lymphatic vessels in crawl-in assays at time points t = 1.5 h and t = 24 h. Six different tissues (up to two areas per tissue) were imaged at the indicated time points and analyzed morphometrically. Perforation number and area at t = 0 h was set to 100%. Each dot represents one analyzed area. Error bars show mean ± SEM (B) Quantification of perforation area on initial lymphatic vessels in crawl-in assays at time points t = 0 h, t = 1.5 h, and t = 24 h. Six different tissues (up to two areas per tissue) were imaged at the indicated time points and analyzed morphometrically. (C) Initial lymphatic vessel (BM staining for collagen IV; blood capillary also visible in bottom right corner) visualized using a spinning disk confocal microscope (maximum projection of z-stack, 4 planes, 0. revealing their oak leaf structure with the peripheral lobes representing the flexible areas that are interconnected by buttons at their base. When the LYVE-1 pattern was imaged in ears without exogenously added DCs, the endothelial outlines remained static (unpublished data). During bmDC intravasation, the peripheral lobes of endothelial cells were locally deformed (Fig. 6, A and B ; Videos S7 and S8) and analysis of z-time series supported a model where flaps bend into the lymphatic lumen during DC passage (Fig. 6, C and D) while the button-junctions at the flap-base remain in position. The entry via gaps between button junctions also resembles ultrastructural findings where metastasizing tumor cells were demonstrated to passage through "intercellular channels" between the lymphatic endothelial cells (Azzali, 2007) .
Our finding that DCs can cross the lymphatic vessel within a few minutes is in contrast to in vitro studies where DCs took 3-6 h to cross a monolayer of a lymphatic endothelial cell line (Johnson et al., 2006) . We explain these differences by the fact that lymphatic monolayers do not assemble button junctions, but rather the zipperlike junctions of blood endothelium or lymphatic collector vessels (Kriehuber et al., 2001) . Rapid intravasation via preformed portals is reminiscent of lymphocytes passaging through portals within the medullary sinus of the lymph node (Wei et al., 2005) , with the exception that we never observed DCs reexiting from the lymph vessel. Preformed portals further explain our findings that integrin-deficient cells intravasate normally, which again corresponds well with the fact that homeostatic lymphatics do not express the cellular integrin ligands ICAM-1 and VCAM-1 (Johnson et al., 2006; Teoh et al., 2009 ). This situation might change in the inflammatory state, where ICAM-1 and VCAM-1 are strongly induced on the lymphatics and adhesion gains functional importance (Johnson et al., 2006; Ledgerwood et al., 2008) .
In conclusion, we find that a physical barrier is largely lacking at the level of the homeostatic lymphatic endothelium, and therefore informational cues like chemokines are the decisive factors guiding the cells into the lymphatics. These findings support the concept of an open cellular communication between interstitium and draining lymph node, and suggest that only the lymph node serves as the physiological filtration station .
MATERIALS AND METHODS
Animals. C57BL/6 mice were kept in a conventional animal facility at the Max Planck Institute of Biochemistry. Mouse breeding and experimental procedures were approved by the Regierung von Oberbayern.
Generation of DCs. DCs were generated from flushed bone marrow suspension as described previously (Lutz et al., 1999) . At day 9-12 of culture, 200 ng/ml LPS (Sigma-Aldrich; E. coli 0127:B8) was added overnight. Endogenous DCs were isolated by floating ventral sheets on culture medium (RPMI 1640 supplemented with 10% fetal calf serum, 1% glutamine, and 1% penicillin/streptomycin) for 72 h and pooling emigrated DCs. For imaging, cells were fluorescently labeled with Tetra-Methylrhodamine (Invitrogen).
does not differ from that of endogenous DCs we used DCs that previously emigrated from ear tissue. In crawl-in assays these cells also entered via preexisting perforations (Fig. S1) , demonstrating that this mode of intravasation is universal for DCs.
The homeostatic dermis experiences a constant steadystate flux of DCs and other hematopoietic cells, raising the possibility that these cells create the perforations. However, when we examined dermis of CCR7 / mice, where steadystate migration of most hematopoietic cells, including DCs, is abolished (Ohl et al., 2004) , we found the same surface area perforated (Fig. S3 B) . This suggests that perforations are an intrinsic property of lymphatic capillaries rather than the result of continuously passaging cells.
Assuming a certain elasticity of the BM, deformations could be transient, as the locally compressed BM might relax and reextend after the cell has left the gap. To address if the BM reverts to its original state after DCs entered the vessel lumen, samples were left under assay conditions for 24 h and BM discontinuities were measured. Quantification showed that BMs partially relax after intravasation (Fig. 5 , B-E), adding to our previous evidence that proteolytic modification of the BM is not decisive for intravasation.
The finding that even small preexisting openings can be invaded by a cellular protrusion means that the lymphatic BM biophysically rather resembles a 3D scaffold than a sheetlike barrier. Once the cell's leading edge is inserted into a perforation, it can swell through actin polymerization and form an initial mechanical anchor. Subsequent trailing edge contraction can squeeze cytoplasm and the rigid nucleus through the gap, as we have shown for DCs migrating in three-dimensional collagen gels . Such behavior does not rely on transmembrane force coupling via integrins and can generate sufficient hydrostatic pressure to extend the pore to a diameter sufficient to propel the nucleus (Wolf et al., 2007; . Our observation that the BM becomes compressed at the pore margins and relaxes after passage clearly argues for such a biophysical rather than a proteolytic scenario.
DCs pass through endothelial flap valves
The lymphatic BM is the initial barrier for intravasating DCs, and directly after their passage DCs face the lymphatic endothelium. Endothelial cells of the initial lymphatics are interconnected by specialized junctional complexes that contain components similar to blood vessel endothelium but are assembled in entirely different structures. Instead of the continuous zipperlike distribution found in blood endothelium, lymphatics show a buttonlike distribution of junctional components. These buttons likely form the "hinges" of the flap valves. The spacing between the buttons was shown to be 2-3 µm (Baluk et al., 2007) , which might allow cellular passage without dissolution of junctions.
To test this assumption, we stained ear sheets with LYVE-1 antibody and performed crawl-in assays. As described by Baluk et al. (2007) , LYVE-1 outlined single endothelial cells tion into lymphatic collectors. Video S1 shows a low-magnification view of lymphatic intravasation. Videos S2-S6 show DCs invading the lymphatic BM and Videos S7 and S8 show DCs interacting with the lymphatic endothelium. Online supplemental material is available at http://www.jem .org/cgi/content/full/jem.20091739/DC1.
Br ief Definitive Repor t
Whole-mount ear skin immunohistology. Mice were sacrificed, and their ears were removed and separated into dorsal and ventral sheets. Cartilagefree ventral ear sheets were fixed with 1% paraformaldehyde, immersed in 0.2% Triton X-100, washed with PBS, blocked with 1% BSA (PAA Laboratories), and incubated with primary antibodies diluted in PBS 1% BSA over night at 4°C. The antibodies used were as follows: rabbit anti-collagen IV (1119+; T. Sasaki, Max Planck Institute of Biochemistry, Martinsried, Germany); rabbit anti-laminin (L9393; Sigma-Aldrich), rabbit anti-perlecan domain V (1056+; R. Timpl, Max Planck Institute of Biochemistry; Brown et al., 1997) ; rat anti-nidogen (ELM1; Millipore); rat polyclonal anti-LYVE-1 antibody (clone 223322; R&D Systems); and hamster anti-gp38 (clone 8.1.1; Farr et al., 1992) . Secondary antibodies were conjugated with cy3, cy5 (Jackson Immunoresearch Laboratories), Alexa Fluor 488, and Alexa Fluor 647 (Invitrogen). Images were acquired with a confocal laser-scanning microscope (Leica DMIRE2; objectives HC PL APO 20×/0.70, HCX PL APO 63×/1.4-0.60, and HCX PL APO 100×/1.4-0.70), and image analysis was performed using Metamorph software (Molecular Devices).
Image analysis. Confocal z-stacks of lymph vessel walls were projected using the Metamorph maximum projection tool. Videos were processed using background subtraction and low-pass filter. To enhance Tetra-Methylrhodamine, staining of DCs  value was set to two in some cases. Perforation areas were quantified using manual thresholding, and subsequent measurement with the morphometric analysis tool of Metamorph.
In vitro transmigration assay. BMs were assembled in vitro using a modified protocol of Furuyama and Mochitate (Furuyama and Mochitate, 2000) . In brief, SV40T2 immortalized alveolar type II epithelial cells (gift from A. Clement, Hopital Trousseau, Paris; Clement et al., 1991) were cultured in Transwell dishes (BD) supplemented with Matrigel (BD) for 2-3 wk and BMs were denuded using 0.25 M ammonium hydroxide and repeated washing with PBS.
Mature DCs were preincubated for 1 h at 37°C with protease inhibitor cocktail (Wolf et al., 2003) consisting of 50 µM GM6001 (Merck Chemicals); 20 µM E-64 (Sigma-Aldrich); 20 µM pepstatin A (Sigma-Aldrich); 2 µM leupeptin (Sigma-Aldrich); aprotinin (Chemicon); or carrier control. 10 5 cells in 200 µl were added to the upper compartment of 8 µm pore size Transwells. 1 µg/ml CCL21 (R&D Systems) was added to the lower compartments, and after overnight incubation transmigrated DCs were counted with a hemocytometer.
Ex vivo crawl-in assay and time-lapse video microscopy. Unfixed ventral ear sheets were immunostained and mounted on custom-built migration chambers with the dermal surface exposed. TAMRA-labeled DCs in culture medium were added onto the dermis and incubated for 5-15 min at 37°C, 5% CO 2 . After removing noninfiltrated DCs, ear sheets were imaged in a climatized (37°C, 5% CO 2 ) chamber with a spinning-disk confocal microscope (Axio Observer Z1; Carl Zeiss, Inc.) equipped with EC PlanNeofluar 10×/0.30, EC Plan-Neofluar 20×/0.5, and Plan-Apochromat 40×/0.95 objectives, an Optovar (1.6×), and a CoolSNAP HQ 2 CCD camera (Visitron Systems).
Cell tracking. Cells were tracked using the "Manual Tracking Plug-in" of ImageJ (http://rsbweb.nih.gov/ij/) and analyzed with the "Chemotaxis and Migration Tool Plug-in" (http://www.ibidi.de/applications/ ap_chemo.html).
Statistical analysis. Student's t tests were performed after data were confirmed to fulfill the criteria of normal distribution, and P values were calculated using the GraphPadPlus software.
Online supplemental material. Fig. S1 shows intravasation of endogenous DCs. Fig. S2 provides overview images of the Videos S4-S6. Fig. S3 shows BMs in CCR7-deficient tissue, as well as migration of CCR7-deficient DCs in crawl-in assays. Fig. S4 documents the lack of intravasa-
